Abstract-A coupler is an indispensable component to sample the forward and reflected power for the real-time radio frequency (RF) power monitoring system. The directivity of a coupler is a critical factor to achieve accurate RF power measurements. This paper proposes a microstrip coupler with a tunable high directivity circuit to accurately measure the reflected RF power. The directivity tuner composed of passive components adjusts the phase and amplitude of the coupled RF signal, and cancels out the leakage signal from the RF input port at the coupled reflection port. The experimental results, which agree with the simulation results, show that the microstrip coupler with the directivity tuner circuit has a compact size (∼0.07 λ g × 0.05 λ g ), high power capability (up to 1 kW), and high directivities (more than 40 dB) at the operating frequency bands ( f = 297.3, 400, and 447 MHz, respectively) for magnetic resonance imaging applications.
To improve the directivity, some approaches include: modified patterns of a pair of coupled lines, the insertion of passive components, and the utilization of active devices [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . This paper proposes a compact microstrip coupler with the tunable high directivity circuit that controls the phase and amplitude at the operating frequency band. The directivity tuner cancels out the forward leakage signal in a coupled line and an RF power meter that is connected at the coupled reflection port receives only the reflected signal from the load port. The application of a tunable high directivity coupler proposed in this paper is RF power monitoring in magnetic resonance imaging (MRI) systems [13] . The aim is to design, fabricate, and test a high directivity coupler, which has approximately a 25-30 dB coupling factor, compact size (less than 5 cm × 5 cm), high directivity (greater than 40 dB), and high power capability (up to 1 kW) at 297.2 MHz for 7 T, 400 MHz for 9.4 T, and 447 MHz for 10.5 T MRI scanners. The comparison results of the simulation and experimentation with the conventional coupler are also included.
II. THEORY Fig. 1(a) presents the schematic of a general RF power measurement with a microstrip coupler to monitor the reflected RF power. The RF power detector (e.g., conventional envelope, RMS, or logarithmic converting device from RF into dc output) connected to Port 3 should receive only a coupled reflection power (solid red line). However, a portion of the RF input power in Port 1 appears at Port 3 (dotted blue line) due to the finite isolation. In that case, a portion of the transmission power is added to the reflected power in the coupled line as shown in Fig. 1(b) , and thus the coupled reflection signal at Port 3 becomes inaccurate by a high standing wave ratio (SWR). In general, forward power is much larger than the reflected power, and the influence of the reflected power is insignificant when the forward power measurement performed as (1) shows the uncertainty of the forward power. However, forward high RF power can impact on the reflected power measurement, and it is difficult to accurately measure the reflected power without high directivity as given by (2) of the reflected power uncertainty [2] P u.FWD = 10 · log 10 
where IL is insertion loss, RL is return loss, and D is the directivity of a coupler in decibels.
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However, most microstrip couplers are nonideal, and the phase constants in the even and odd modes are not equal (5) ; thus the isolation between Ports 1 and 3 defined by (6) is no longer negligible [1] 
The unequal phase constants are the main factors that generate finite isolation resulting in low directivity [9] , [14] .
To compensate for the unequal phase constants, the directivity tuner is proposed as shown in Fig. 2 Signal A is presented by the ABCD matrix (7), and the transmission and the phase shift of signal A are defined by (8) and (9) 
where θ A = (βl) A is the electrical length, l is the physical length, and Zc is the characteristic impedance of the coupled microstrip line for signal A. Fig. 3 shows the implementation of the directivity tuner with the Thevenin circuit model. The directivity tuner circuit is considered to analyze the behavior of signal B and the other parts (e.g., short microstrip lines for connections and parasitic losses) are ignored to simplify the electrical model. The ABCD matrix of signal B is presented by (10), the transmission is defined by (11) when the Thevenin equivalent circuit model is applied as shown in Fig. 3 , and the phase shift is defined by (12) [15] [16] [17] . In practice, when the loss term of the coupled line where signal A flows is considered, signals A and B are completely canceled out by the manipulation of the directivity tuner if φ A = φ B + π and the loss of signal A is equal to the loss of signal B defined by (13) . Thus, properly selected values of passive components in the directivity tuner circuits create high isolation (i.e., high directivity) at the target frequency
loss of signal B = 20 log S 31B (13) where
III. DIRECTIVITY TUNER
A proposed coupler with the directivity tuner has high power capability and low insertion loss because it uses a microstrip coupled line that does not include any component on the main signal line. The implementation with passive components enables a compact size of a high directivity coupler. In this section, design parameters and their effects to generate the high directivity resulting in reducing power measurement uncertainty are described. Tunable capability to meet the specifications of MRI applications and insensitivity to loading conditions by the tunability are also presented. 
A. Design Parameters
There are seven elements in the directivity tuner in Fig. 3 . Fig. 4 shows the simulated directivity variations when the design parameters are swept from −10% to +10% from the optimized values to identify the impact of each element on the directivity of the coupler. The L, C RS , and R L dominantly change the operating frequency of the directivity tuner. The C RP and C LP mainly change the magnitude. The R R and C LS finely shift the peak of the directivity around the desired operating frequency.
B. Tunable Capability
The capacitances of C LS and C RP that have low impacts on the controllability as shown in Fig. 4 are fixed to reduce the complexity of tunable circuits. Although L (inductor) has a high impact of operating frequency on the directivity tuner, the inductance of L is fixed due to difficulties in making the tunable inductor and adjusting the inductance. Fig. 5 shows the simulation results of the tunable capability of the directivity tuner to cover ultrahigh fields (7 T and beyond) in MRI application. When C RS = 12.5 pF, C LP = 5.2 pF, R L = 155 , and R R = 101 , the coupling factor (S 32 ) of a coupler is 26 dB and the isolation (S 31 ) is −104.3 dB, thus the directivity of 78.7 dB is achieved for 9.4 T. When C RS = 9.5 pF, C LP = 5 pF, R L = 173 , and R R = 125 , the coupling factor (S 32 ) of a coupler is 25 dB and the isolation (S 31 ) is −105.5 dB, thus the directivity of 80.5 dB is achieved for 10.5 T. The simulation results show the values are within the reasonable ranges of tunable passive components Table I shows the comparison of the power uncertainty when the property of a conventional coupler (coupling factor = 25 dB and directivity = 25 dB) and the simulation results of the high directivity coupler in Fig. 5 are used. The error range of the high directivity coupler at the coupled reflection port (Port 3 in Fig. 1 ) is limited to less than 1%. The increased directivity values have a higher impact on the reflected RF power measurement than the forward 
C. Reducing Power Uncertainty

D. High Power Capability
The proposed coupler with the directivity tuner uses a coupled microstrip line, and there is no element on the main signal line from the input port to the load port that is connected to a resonating structure (e.g., antenna or RF coil in MRI). Thus, this structure has the benefits of low insertion loss and high power capability. A strong-coupled coupler has not been considered in this paper because of the high power loss in a coupling structure [18] . The coupling factor in the coupled line can be selected according to the operating power level Photograph of the tunable high directivity coupler (left) and a schematic (right).
to prevent damage in the directivity tuner circuits. The high directivity coupler has been tested up to 1 kW RF power with the coupling factor close to 25 dB in an MRI application. analyzer (E8362B, Keysight Technology) after selecting coarse values by the simulation results as described in the previous section. The coupling factor (S 32 ) and isolation (S 31 ) were measured using a network analyzer, and then the directivities were calculated. Port 4 is terminated to 50 and the remaining ports were terminated to 50 during the coupling factor and isolation measurements. The conventional coupler and the high directivity coupler have the same coupling factor of 27 dB. The directivity of the conventional coupler is 18 dB, whereas the high directivity coupler has 45 dB at 298 MHz. Therefore, the maximum reflected power uncertainty decreases from 165.5% to 5.7% in the case of VSWR = 1.5 by the well-adjusted directivity tuner. For example, the uncertainty of the reflected power measurement is limited within 1.5 dBm (9.3-7.8 dBm) when the coupler has a directivity of 45 dB, coupling factor of 27 dB, transmit power of 50 dBm, and VSWR of 1.5. However, the uncertainty is sharply increased to 3.2 dBm (13.3-10.1 dBm) when the directivity decreases to 18 dB, and the other characteristics remain the same. As seen in Fig. 6 , the high directivity coupler has a larger difference between the simulation and experimental results of isolation (S 31 ) than the difference between the conventional coupler. It shows that parasitic electrical and electromagnetic effects, mainly capacitive coupling, affect the tuner circuit and it is hard to compensate for parasitic elements without finely adjusted values of the passive components.
The high directivity coupler with tunable capability has been fabricated and tested as shown in Figs. 7 and 8. Port 4 is internally terminated to 50 and the other ports are connected to SMA connectors. The design parameters are presented in Table II . To validate the performance of the tunable high directivity coupler at each operating frequency region, S-parameters were measured and then the directivity was calculated as shown in Fig. 8 . When measuring the coupling factor and isolation, the remaining port was terminated to 50 . The directivity of the tunable high directivity coupler has at least 40 dB over the operating frequencies by adjusting The results of this paper are compared with other recently published microstrip couplers in Table III . To our knowledge, there was no tunable coupler with high directivity (greater than 40 dB) and the relative physical size of the operating frequency is smaller than the other couplers. Although the proposed coupler has very high directivity, the bandwidth is limited as expected. However, the MRI application of this microstrip coupler has a single operating frequency, and thus the limited bandwidth is unimportant. Alternatively, the high directivity circuit can be tunable by adjusting the directivity tuner.
The directivity of a coupler is sensitive to loading conditions. When Port 2 in Fig. 2 deviates from the preset 50 matching condition, the directivity sharply decreases. The conventional coupler in Fig. 4(a) and the high directivity coupler in Fig. 4(b) have been investigated to compare the sensitivity to loading conditions. As a result of the comparison, Fig. 9 shows the stable directivity of the coupler with the directivity tuner. This stable characteristic of the high directivity coupler provides the accurate reflected RF power that is proportional to the loading conditions.
The low insertion loss of less than 0.2 dB, which is represented by S 21 , is an important parameter for high-power transmitters or transceivers. A compact size is also a valuable asset. Both were achieved in the high directivity microstrip coupler.
V. CONCLUSION A microstrip coupler with an additional passive component circuit (i.e., the directivity tuner) has obtained a high directivity of greater than 45 dB, which is more than a 25 dB improvement and insensitivity to loading changes compared with the result of a conventional coupler. Therefore, the high directivity coupler design significantly reduces the uncertainty of the reflected RF power measurement. This high directivity coupler can be tunable and cover ultrahigh field (7 T and beyond) MRI applications with high power capability and compact size.
